Ab initio calculations of the phonon spectrum of K 6 C 60 are presented, based on the local-density approximation of density-functional theory and on linear response theory. The effects of doping on frequencies and infrared intensities are identified and their physical origin discussed in detail for optically allowed modes. Whereas structural relaxation is primarily responsible for the frequency changes, and especially for the softening of tangential modes, the change in infrared relative intensities is a direct consequence of the electron transfer. The potassium vibrations are found to lie within 60 100 cm 21 and are well decoupled from C 60 intramolecular modes. [S0031-9007(96)00397-3]
PACS numbers: 63.20.-e, 61.46.+w, 78.30.-j Vital to progress in material science is the ability to control the changes induced in the electronic and mechanical properties of a reference material by doping it with foreign atoms. Raman and infrared (IR) spectra are the basic experimental tools adopted to inspect how doping modifies the structural and dynamical properties of the pristine material. A clear understanding of the physical origin of such changes is a prerequisite for making these spectra fingerprints, necessary to the design of new compounds.
Recently, solid C 60 has become one of the most widely used reference materials. It is a ϳ1 eV gap semiconductor, which can be relatively easily tuned by metal intercalation, giving rise to a family of compounds called metal fullerides [1, 2] . These are either semiconductors with different characteristics from C 60 or metals or superconductors, depending on the concentration and the specific nature of the intercalating metal atoms. Well-resolved Raman and IR spectra are now available for a number of these compounds (see, e.g., [3] [4] [5] [6] ). They exhibit a highly modeselective dependence both of the frequency shifts and the intensity variations, which suggests a complex electronphonon interaction [7, 8] . Basic questions are still open. For instance, in the case of the simplest intercalation, that with heavy alkali metals, the chemical picture is almost trivial, being electrons "fully" transferred to the molecular units. However, the modifications of the C 60 phonon spectra is not trivial at all, and especially so their interpretation. One would like to at least be able to disentangle the mere effect of electron donation from that of the (consequent) structural relaxation of the molecule.
So far, trends with varying dopant concentration have been discussed mainly in terms of the charged phonon model [9] . This broadly associates the softening and enhancing of peaks with charge transfer and predicts a simple linear dependence of frequency shifts and a quadratic one of the IR intensities on the amount of charge transfer. The observed behavior is, however, much richer.
Going beyond this level of theory requires ab initio calculations of the phonon structure, which consistently treat electronic and structural variables. The attempts so far are a quantum-chemical calculation of the C 62 60 icosahedral I h molecule [10] , aimed at simulating ͑K, Rb͒ 6 C 60 and a frozen-phonon calculation for K 3 C 60 [11] based on density functional theory in the local density approximation (DFT-LDA). The latter uses a minimal basis set and assumes a C 60 . The results of I h are only in fair agreement with experiment, and do not provide much insight into the microscopic mechanisms responsible for differences between the undoped and the doped materials. To this aim, we have performed an ab initio calculation of the phonon spectra of K 6 C 60 based on DFT-LDA and on the linear-response approach [12] , and analyzed the results with a novel and convenient procedure.
The choice of K 6 C 60 [13] was motivated by three considerations: (i) Highly resolved single-crystal Raman and IR spectra have recently become available [4, 5] that show a clear mode-selectivity of the doping-induced effects. (ii) The anomalies in its IR spectrum have been considered with special attention and recognized [7] as the signature of strong electron-phonon coupling. (iii) Our recent calculations of the structural and electronic properties of this system [14] are in good agreement with experiment.
Our results reproduce the experimentally observed changes in intensities and frequencies, and explain the different behavior of the various modes by isolating the various effects of the metal intercalation: the direct result of the electron transfer, and that of the changes in the molecular structure, as well as those due to intermolecular interaction in the solid. We also determine the vibrations of the cations, which lie at much lower frequencies and do not couple with the C 60 intramolecular ones.
We follow the linear-response method, as previously applied to the vibrational and dielectric properties of the C 60 molecule [15] . The technical details are the same as in [15] . We use norm-conserving LDA pseudopotentials to represent the electron-ion interaction, and a plane-wave basis set. For potassium we use a one-electron pseudopotential (1e-nlcc) [14] , which incorporates the nonlinear core correction of the exchange and correlation functionals, needed to account for the effects of the core-valence overlap. The same approach was used to calculate [14] the structural and bonding properties of K 6 C 60 [16] . This is a semiconductor with an energy gap of ഠ0.8 eV between the t 1u -and t 1g -derived C 60 states [17] . The chemical bonding is strongly ionic with an almost complete charge transfer to C 60 . The main change induced in the molecular conformation is the lengthening of the double bonds, especially those along the crystal axis. Solid-state effects, namely finite volume and symmetry lowering, are weak but detectable in the distribution of the electron density as measured in nuclear magnetic resonance experiments [18] . The vibrational properties are expected to be more sensitive than the electronic ones to distortions in the molecular structure.
In Table I , we list the spectrum of the zone-center C 60 phonons with the labeling of the cubic symmetry group [3] . A global softening of the molecular spectrum results, and the symmetry lowering splits the vibrational modes of the I h molecule [3] . We shall focus on the optically allowed phonons (A g , E g , and T g are the Raman active, T u the IR) and especially those derived from the modes which are optically allowed for the C 60 molecule (A g , H g are the Raman active, T 1u the IR). Table II compares theory and experiment. The agreement with experiment is within 3%, and apart from the one case [H g ͑5͒], the shifts with respect to C 60 are well reproduced.
In order to establish the origin of these changes, we have calculated the vibrational spectra of the following ideal systems: (I) a bcc C 60 at the volume of K 6 C 60 with the molecules kept in the molecular I h structure, (II) a bcc C 60 with the molecules deformed as in K 6 C 60 , and (III) K 6 C 60 with the molecule kept in the molecular I h structure. Comparing the C 60 molecule with (I) allows us to determine the effects of the solid; (I) with (II) elucidates those of the molecular deformation by itself; (III) with (I) isolates the direct influence of the charge transfer. Finally, contrasting the real K 6 C 60 (IV) with (III) establishes the effects of the molecular relaxation in the presence of the excess electrons. Figure 1 summarizes all this information for each of the optically active C 60 -like modes by plotting the frequency shifts for systems (I) through (IV) with respect to C 60 . The final change is seldom dominated by only one mechanism. Both direct charge transfer and structural relaxation affect each mode in a different way, may harden or soften them, or even leave them unaffected. Solid-state effects are very weak. Let us discuss some specific examples. As experimentally measured, the A g (1) breathing mode is only slightly affected by doping (also in agreement with the small change of the molecular radius) [19] , whereas the "pinch" A g (2) mode largely softens (Dv 235 cm 21 ). This redshift increases almost linearly with increasing concentration of the dopant and is used as a measure either of the charge transfer or of the concentration itself. However, the mere electron transfer would increase its frequency (by 26 cm 21 in K 6 C 60 ). It is the structural relaxation which decreases it and dominates. This is the mechanism which is primarily responsible for the softening of the other modes as well, especially the IR T 1u (4) and the Raman active H g (7) , and H g (8) . The picture is not as simple, however. There are cases, such as the H g (2) and T 1u (3) for which structural changes tend to harden slightly. Also, for H g (3), the redshift is large (Dv 250 cm 21 ) but is exclusively due to the electron transfer.
A strong mode dependence of the frequency shifts was also found for the Li 12 C 60 molecule [20] , and the role of the double-bond lengthening in causing a significant softening of tangential modes was pointed out.
The IR spectrum of K 6 C 60 is interesting in view not only of the doping-induced frequency shifts (see Table I ), but also of the intensity changes (see Table III ). These features have long been regarded as signatures of a modeselective electron-phonon coupling [7] , but a satisfactory interpretation is still lacking. Reference [12] has provided a general method for the calculation of IR oscillator strengths from linear-response DFT. In [15] , this was successfully applied to C 60 . The oscillator strength of the nth mode is given by 
where e b ͑ijn͒ is the normalized eigenmode, a and b are Cartesian polarizations, i runs over the atoms in the unit cell, and Z ab ͑i͒ is the effective-charge tensor [12] Z ‫ء‬ ab ͑i͒ Z y ͑i͒d ab 1
Z y is the ionic charge, BZ stands for the Brillouin zone, e y,k and e c,k denote valence and conduction bands, respectively, c y,k and c c,k the Kohn-Sham states, dV ph,bare b ͑i͒ the linear variation of the bare electron ion potential with respect to a displacement of the ith atom along the b direction, and dV E,scf a that of the screened potential with respect to an applied electric field.
We reduce the sum over the BZ to the P point [17] as for the electron density [14] . The k summation in Eq. (2) is more slowly convergent, so the calculated intensities must be considered only an estimate. Of central interest here is their change from C 60 to K 6 C 60 , rather than their absolute values. To minimize the convergence error, we consider also C 60 in a bcc solid, and evaluate the intensities for the two systems with the same atomic density (our system I) within the same approximation. The intensity ratios, Table III , are compared with the values from experiment.
In agreement with experimental observation: (i) All the IR intensities are enhanced as a result of doping-a fact readily understandable as a consequence of the decrease of the effective energy gaps e y,k -e c,k in Eq. (2). This is reflected in the dielectric constant e 0 , for which we calculate an increase by ϳ3 from bulk C 60 (e 0 4.4) to K 6 C 60 (e 0 12.2). (ii) An important change in the relative intensities of the four T 1u modes takes place, and T 1u ͑2͒ and T 1u ͑4͒ become prominent.
Our analysis in terms of the I-IV systems shows that the variation of the IR intensities and of the dielectric constant is dominated by the direct effect of the electron transfer. In fact, the values obtained for our system (III) are almost identical with the final ones. The structural relaxation has only a minor influence. This is at odds with the phonon frequency changes, for which it plays the major role, and explains in particular why the softening of an IR active mode is not necessarily accompanied by an enhancement of its intensity. In fact, a modest IR intensity is observed for T 1u ͑1͒ in spite of the measured large frequency change, and vice versa for T 1u ͑2͒. In the case of T 1u ͑4͒, for which both frequency and intensity change in a dramatic way, the dominant mechanisms are also different, the former being due to the structural relaxation [see Fig. 1(a) ].
So far, the interpretation of the IR spectrum has relied on the charged phonon model, which neglects structural relaxation. As a consequence of the charge transfer only, it predicts the occurrence of a simultaneous softening and intensity enhancement for any mode that couples the t 1u to the t 1g orbitals. This could qualitatively account for the observed behavior of T 1u (2) and T 1u (4). However, in view of the above discussion, this picture is oversimplified. We have also analyzed the validity of a two-level (t 1u -t 1g ) model for calculating the IR intensity, by extracting the contribution of the individual electronic excitations to the effective charges in Eq. (2). The situation is much more complex, and only in the case of T 1u ͑4͒ can the t 1u -t 1g channel be considered the dominant one [21] .
In Table IV , we list the frequencies of the vibrational modes of K, which turn out to be decoupled from the rest. Raman spectra [22] exhibit a relatively intense peak at 33 cm 21 , a weak shoulder at 48 cm 21 , a broad band at ϳ 75 cm 21 , and a peak with resonant character at 105 cm 21 . The lowest one was ascribed to the librational mode of C 60 , and the rest to the cations. The K atoms at equilibrium occupy quasitetrahedral sites (0.252d, 0, 0.5) on the faces of the cube. Their Raman active modes are four: one A g , which can be described as the breathing of the rhombohedral cluster, one E g , and two T g . Only the E g doublet could be experimentally assigned, at 105 cm 21 , on the basis of its resonance properties. Our calculations performed with the 1e-nlcc pseudopotential (first row in Table IV) yield the E g doublet at 102 cm 21 , but do not predict any Raman intensity below 68 cm 21 . To check the accuracy of these results, we have performed the entire phonon calculation again, using a 9e-pseudopotential which reduces the frozen core to the n 1 and n 2 shells [23] . In this way, the 3s and 3p electrons can relax in response to the ionization of the metal atom. As expected, the newly optimized structure for the molecule and also the intramolecular spectrum are unchanged. The change of the K positions is limited (d varies from 0.026 to 0.021), but some of the Raman modes are sensitive to the core polarization, which lowers their frequencies significantly. Still the active range seems to be somewhat narrower than the observed one. We cannot exclude further softening due to anharmonicity. However, a confirmation of the Raman response and also far-IR measurements are desirable for a better evaluation of our results.
In conclusion, we have shown that the linear-response DFT-LDA approach combined with a full structural relaxation is able to describe accurately the doping-induced effects on the vibrational spectrum of a solid fulleride and account for the observed mode selectivity. A general framework is also provided to identify the underlying physical mechanisms responsible for changes both in frequencies and in intensities. It may be seen as a guide for the description of the electron-phonon interaction in these materials and also for the interpretation of other metal-C 60 -based systems (see, e.g., [24] ).
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